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ABSTRACT: The lateral heterogeneity of lipids in the thylakoid
membrane has been questioned for over 20 yrs. It is generally
believed that glycerolipids are asymmetrically distributed within
the plane of the membrane. In the present investigation, we iso-
lated several thylakoid membrane domains by using sonication
followed by separation in an aqueous dextran–polyethylene gly-
col two-phase system. This technique, which avoids detergent
treatments, allowed us to obtain stroma and grana lamellae
vesicles as well as grana central core and grana margin vesicles
from thylakoids. The relative distribution of the four lipid
classes, i.e., monogalactosyldiacylglycerol, digalactosyldiacyl-
glycerol, sulfoquinovosyldiacylglycerol, and phosphatidylglyc-
erol, was found to be statistically identical in all four thylakoid
fractions and in whole thylakoids. Similarly, the relative amount
of fatty acids in each individual lipid and the eight main phos-
phatidylglycerol molecular species was identical in all thylakoid
membrane fractions tested as well as in the intact thylakoid
membrane. Based on presently available procedures for obtain-
ing thylakoid subfractions that are unable to discriminate mi-
crodomains within the membrane, it is concluded that glyc-
erolipids are evenly distributed within the plane of the thylakoid
membrane. These data are discussed in terms of “bulk” and
“specific” lipids.
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Glycerolipids are major components of the thylakoid mem-
brane. They consist of four classes: monogalactosyldiacyl-
glycerol (MGDG), digalactosyldiacylglycerol (DGDG), sul-
foquinovosyldiacylglycerol (SQDG), and phosphatidylglyc-
erol (PG). These lipids are characteristic of photosynthetic
membranes. Galactolipids (MGDG and DGDG) represent
about 80 mol% of total lipids and are therefore considered to
be the most abundant membrane lipids in the world. In addi-
tion, they are characterized by an exceptionally high content
of trienoic acids, mainly, α-linolenic acid; additionally, in the
so-called 16:3-plants, hexadecatrienoic acid is found in
MGDG. SQDG is enriched in palmitic acid (35 mol%),
whereas PG contains a unique fatty acid, trans-∆3-hexade-
cenoic acid (e.g., 1,2). The fatty acid composition of these
glycerolipids is unique and gives rise to a great number of
molecular species (3,4). It is surprising that, up to now, none
or only a few of these lipid molecular species have been as-
signed to a specific location in the membrane or to a specific
role in the photosynthetic function. 
During the past years, several attempts have been made to
determine whether, in a manner similar to proteins, acyl lipids
are also asymmetrically distributed in the plane of the thy-
lakoid membrane (TM). Among them, the following ap-
proaches have been used: (i) mild solvent extraction of
freeze-dried membranes (e.g., 5); (ii) fractionation of sub-
chloroplast particles enriched in photosystem I (PSI) or pho-
tosystem II (PSII) activities (e.g., 6); (iii) separation of ap-
pressed (granal) and nonappressed (stromal) regions of thy-
lakoids (e.g., 7–10); (iv) purification of the membrane protein
complexes (e.g., 11–19); (v) detection of glycerolipids by
using antibodies directed to individual lipids bound to the sur-
face of the TM, to subchloroplast particles, or to individual
proteins (e.g., 20–22, and references therein); (vi) reconstitu-
tion of photosynthetic structures and activities with lipids (for
a review, see Ref. 23). The general conclusions of these stud-
ies are that glycerolipids are asymmetrically distributed
within the plane of the TM, although the lateral heterogeneity
of thylakoid proteins is much more pronounced than that of
lipids (for a review, see Ref. 1).
Several studies argue for this conclusion. For instance, one
molecule of MGDG (and possibly one molecule of PG) was
found to bind one PSII reaction center complex (18). Further-
more, the fatty acids of these two lipids are much more satu-
rated (50% of the total fatty acids) than those in the bulk lipids
of thylakoid and PSII membranes (10% of the total fatty
acids). The removal of DGDG from isolated light-harvesting
chlorophyll a/b protein complex (LHCII) renders the com-
plex unable to form two- or three-dimensional crystals. The
ability to crystallize is completely restored by the addition of
DGDG at a ratio of about four molecules of DGDG per
polypeptide for three-dimensional crystallization, suggesting
the existence of several binding sites at the periphery of the
trimeric complexes (24). The sulfolipid SQDG was found to
be associated with the coupling factor complex (CF0–CF1)
of spinach (16). This suggests that this acidic glycolipid is
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firmly bound to the ATP-synthetase complex and may play a
special role in the mechanism of energy coupling. Several ex-
amples show the involvement of PG molecular species in the
maintenance of the structure and function of the TM. In lipid-
depleted LHCII, only PG containing 16:1 (3t), but not PG
containing 16:0 fatty acids, induced reoligomerization from
monomer forms of LHCII (25). In addition, PG is involved in
the stacking of thylakoids (23).
Because most of the above methods, especially those for
obtaining subchloroplast particles, involved the use of deter-
gents, which are known to partially extract and/or displace
lipids (8), in the present investigation we isolated the TM in
several domains by using sonication followed by separation
in an aqueous dextran–polyethylene glycol two-phase system
(26). When comparing the content and the characteristics of
lipids in TM, stroma lamellae vesicles (T3) and grana lamel-
lae vesicles (B3), grana central core vesicles (B3-420S) and
grana margin vesicles (420S), our results indicate that, con-
sidering the domains tested in this investigation, no lateral
heterogeneity occurred in the TM.
EXPERIMENTAL PROCEDURES
Preparation of thylakoid vesicles. Spinach plants (Spinacia
oleracea L.) were grown in a growth chamber at 20˚C with a
light period of 12 h and incident light intensity of 400
µE/m2/s. Thylakoids were prepared from leaves according to
Andreasson et al. (27). After the final centrifugation, the thy-
lakoid preparation was suspended for 45 min in 10 mM
sodium phosphate buffer (pH 7.4), 5 mM NaCl, and 100 mM
sucrose supplemented with 1 mM MgCl2 to allow a complete
stacking of the membranes before fragmentation, then ad-
justed to 4 mg chlorophyll (Chl)/mL. T3, B3, B3-420S, and
420S were obtained by essentially following the procedure
described by Wollenberger et al., (28): (i) thylakoids were
mixed with two polymers (5.6 dextran and 5.6% polyethyl-
ene glycol), then sonicated on ice (6 × 30 s, with 1-min rest-
ing intervals); the mixture was submitted to a series of three
partition steps in the same aqueous dextran–polyethylene gly-
col two-phase system allowing the separation of T3 and B3;
(ii) polymers were added to the B3 fraction, and the mixture
was sonicated (14 × 30 s, with 1-min resting intervals); then a
series of three partition steps in the same aqueous dextran–
polyethylene glycol two-phase system allowed the separation
of B3-420S and 420S. The four vesicle preparations were di-
luted 4 to 5 times with the initial suspension medium and cen-
trifuged at 100,000 × g for 30 min to remove polymers. The
pellets were resuspended in 10 mM sodium phosphate buffer
(pH 7.4), 5 mM NaCl, 1 mM MgCl2, and 100 mM sucrose,
then adjusted to 1 mg Chl/mL.
Chemical analyses. Total lipids were extracted by adding
4 mL chloroform/methanol (53:37, vol/vol) and 2 mL 0.5 M
KCl to the thylakoid suspension (150 µL). This resulted in a
two-phase system. The lipids of the lower phase were sepa-
rated by thin-layer chromatography on silica gel plates (pre-
coated silica gel plates, no. 5626; Merck, Darmstadt, Ger-
many) in two dimensions. Then, MGDG, DGDG, SQDG, and
PG were methylated and the resulting fatty acid methyl esters
separated and identified by gas–liquid chromatography (29).
Molecular species of PG were identified in the TM fraction,
T3, and B3-420S by high-performance liquid chromatogra-
phy following the procedure described by Kito et al., (30),
modified by Xu and Siegenthaler, (4). Chl concentration was
determined according to Bruinsma (31). The relative content
of Chl a and b was estimated (32). 
Photosynthetic activities. Fluorescence emission spectra at
77 K of thylakoid preparations were determined (33).
RESULTS
Characterization of thylakoid domains. Table 1 shows a few
biochemical characteristics of the TM and the derived thy-
lakoid domains, i.e., T3, B3, B3-420S, and 420S. When total
glycerolipids, i.e., the sum of MGDG, DGDG, SQDG, and
PG, were expressed in nmol/mg Chl, µg/mg Chl, or nmol/
nmol Chl, the data did not display significant differences be-
tween TM and the different fractions. Though there are no
statistical values available for expressing the content of total
glycerolipids as a function of proteins (nmol/mg protein or
µg/mg protein), Table 1 shows that the difference between the
values characterizing the TM, grana, and stroma lamellae did
not exceed 13.5%. On the basis of the standard deviations cal-
culated for the level of total glycerolipids/Chl, this difference
cannot be considered as significant.
As shown by other authors (28), the Chl a/b ratio was the
highest in stroma lamellae and the lowest in the grana central
core. The low-temperature emission of fluorescence at 695
and 740 nm reflects the relative amount of PSII and PSI in the
different thylakoid fraction. In Table 1, we see that the thy-
lakoid membrane was slightly enriched in PSII (F695/F740 =
1.2, where F695 is the fluorescence at 695 nm and F740 is the
fluorescence at 740 nm). When TM was fractionated in dis-
tinct domains, the two photosystems were not distributed uni-
formly. B3 and B3-420S, which are enriched in PSII, dis-
played the highest F695/F740 ratio values, whereas T3 exhib-
ited a very low value. The 420S had intermediate F695/F740
ratio values. Altogether, these results confirmed that the fore-
going thylakoid fractions, which originate from different TM
domains, are distinct and well-defined, as described in the lit-
erature (34).
Composition of lipids, fatty acids, and PG molecular
species. The composition in lipid classes (MGDG, DGDG,
SQDG, and PG) of four TM domains compared to that of the
whole membrane is shown in Table 2. The relative amount of
each lipid, expressed as mole percentage, in TM was similar to
the values published in the literature (1). The relative distribu-
tion of the four lipid classes in T3 and B3, as well as in B3-
420S and 420S, was statistically identical. This shows that
these domains displayed the same relative lipid distribution as
that observed in the whole TM. In a similar fashion, the rela-
tive amount of fatty acids in each individual lipid was identical
in the four TM domains as well as in the whole TM (Table 3). 
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It is well established that in spinach plants, a chilling-re-
sistant species, thylakoids contain 10 molecular species of
PG, three of them, 18:3/16:1(3t), 18:3/16:0 and 16:0/16:1(3t),
being prominent (3,4). PG molecular species were determined
only in two thylakoid domains, i.e., T3 and B3-420S, because
of the lack of material in the other fractions. Concerning the
eight main PG molecular species, there were no differences
between the two fractions and the TM (Table 4). 
DISCUSSION
The four TM domains (T3, B3, B3-420S, and 420S) used in
this study were obtained after a series of sonication and re-
peated partition steps in an aqueous dextran–polyethylene
glycol two-phase system. Compared to other techniques using
detergents to solubilize the membrane, the two-phase system
technique offers real advantages, namely, in avoiding unveri-
fiable displacement and selective extraction of lipids, which
generally occurs in the presence of detergents and therefore
may generate biased conclusions.
According to the pioneering work of Murphy and
Woodrow, (9) and Gounaris et al., (7), who used a similar ex-
perimental approach to isolate B3 and T3, TM was found to
display considerable lateral heterogeneities in the distribution
of all major membrane components, including lipids. On the
contrary, the present results show quite clearly that the rela-
tive distribution of the four lipid classes (MGDG, DGDG,
SQDG, and PG), as well as the relative amount of fatty acids
in each individual lipid and the main PG molecular species,
was statistically identical in all four thylakoid fractions and
in intact thylakoids. This finding is quite important for under-
standing the molecular organization of lipids in the TM and
argues in favor of the existence of two types of lipid mole-
cules, i.e., the bulk lipids and the specific lipid molecules.
This hypothesis was first proposed in 1980 (35) and subse-
quently refined (36,37).
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TABLE 1
Biochemical Characteristics of Thylakoid Membrane Domains
Membrane Thylakoid membrane domaina
characteristic TM T3 B3 B3-420S 420S
Total glycerolipids
nmol/mg Chl 1641 ± 162 1788 ± 272 1586 ± 40 1601 ± 151 1806 ± 116
(n = 7) (n = 10) (n = 4) (n = 11) (n = 4)
µg/mg Chlb,c 1319 ± 130 1437 ± 219 1275 ± 32 1287 ± 121 1452 ± 93
nmol/nmol Chlc,d 1.48 ± 0.15 1.61 ± 0.24 1.43 ± 0.04 1.45 ± 0.13 1.63 ± 0.10
nmol/mg protein 560 520 590 NDe ND
µg/mg protein 450 420 470 ND ND
Proteinf
µg/mg Chl 2900 3400 2700 ND ND
Chl a/b (n = 12) 2.8 ± 0.1 4.0 ± 0.1 2.2 ± 0.1 2.1 ± 0.1 2.6 ± 0.2
F695/F740 ratio 1.2 ± 0.2 0.3 ± 0.1 3.9 ± 0.3 4.6 ± 1.5 2.4 ± 0.9
(n = 12) (n = 12) (n = 7) (n = 10) (n = 4)
aTM, thylakoid membranes; T3, stroma lamellae vesicles; B3, grana lamellae vesicles; B3-420S, grana central core vesicles;
420S, grana margin vesicles; F695/F740, ratio of fluorescence at 695 nm compared to fluoresence at 740 nm; Chl, chloro-
phyll.
bTotal glycerolipids expressed in µg/mg Chl were calculated by taking into consideration the molecular weight of each
lipid class and the relative amount of each lipid class in the thylakoid membrane.
cThe number of experiments (n) for the calculation of the standard deviation is the same as that indicated in the second line
of this table.
dTotal glycerolipids expressed in nmol/nmol Chl was calculated by taking into consideration the molecular weights of
chlorophyll a and b and the Chl a/b ratio.
eND, not determined.
fProtein content is from Albertsson et al. (26).
TABLE 2
Composition in Lipid Classes of Four Thylakoid Membrane Domainsa
Thylakoid Lipid classb (mol%)
fractions MGDG DGDG SQDG PG
TM (n = 7) 50 ± 1 28 ± 2 9 ± 1 13 ± 2
T3 (n = 10) 51 ± 1 28 ± 3 9 ± 1 12 ± 2
B3 (n = 4) 47 ± 4 27 ± 2 12 ± 3 14 ± 3
B3-420S (n = 11) 49 ± 6 29 ± 3 10 ± 3 12 ± 2
420S (n = 4) 52 ± 1 28 ± 2 10 ± 2 10 ± 1
aMGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquinovo-
syldiacylglycerol; PG, phosphatidylglycerol; for other abbreviations see Table 1. 
bThe mol% values are calculated from the data shown in Table 1. For each thylakoid fraction, the
100% values corresponded to the sum of the four acyl lipids.
The bulk lipids predominate in the TM and fill the spaces
between the various proteins. They can be considered as hav-
ing a structural role. For instance, they offer a hydrophobic
matrix to the proteins and pigments and, owing to their high
degree of unsaturation, confer an appropriate fluidity to the
membrane. In addition, MGDG, which is the major lipid in
the TM, can form, under certain conditions, nonbilayer con-
figurations and therefore influence the structure and the pho-
tosynthetic function of the membrane (38). The analyses of
lipids in the different domains of the membrane (Tables 2–4)
concern the bulk lipids and reveal that the level of the four
lipid classes (MGDG, DGDG, SQDG, and PG), the nature of
their acyl chains, and the main molecular species of PG are
identical in B3 and T3, as well as in B3-420S and 420S.
By contrast, the specific lipids are by nature less abundant
than the bulk lipids, but especially much more saturated than
the bulk lipids (15,18,19). These specific lipid molecules can
be considered as functional or strategic lipids. They are in-
volved in specific interactions with proteins, resulting in an ap-
propriate maintenance of the conformation and/or orientation
of protein molecules in the membrane and high photosynthetic
performances. These lipids are encountered in the four lipid
classes and display specific functions. For instance, MGDG
sustains charge separation (18), DGDG induces three-dimen-
sional crystallization of the LHCII (24), and SQDG is associ-
ated with the structure and function of the coupling factor com-
plex (16). In addition, specific molecules of PG have been re-
ported to be involved in oligomerization of LHCII (25), the
stacking of thylakoids (23), and the support of the electron flow
activity (39,40). The specific lipid molecules are, of course,
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TABLE 3
Fatty Acid Composition of the Four Lipid Classes in Various Thylakoid Membrane Domains
Acyl lipid
Thylakoid Fatty acida (mol%)
fraction 16:0 16:1(3t) 16:3 18:0 18:1 18:2 18:3
MGDG
TM (n = 7) Tr Tr 17.6 ± 0.6 Tr Tr 2.3 ± 0.4 80.1 ± 0.9
T3 (n = 10) Tr Tr 17.8 ± 0.6 Tr Tr 2.4 ± 0.5 79.8 ± 0.9
B3 (n = 4) Tr Tr 16.7 ± 1.0 Tr Tr 2.3 ± 0.1 81.0 ± 0.8
B3-420S (n = 11) Tr Tr 17.8 ± 0.5 Tr Tr 2.5 ± 0.5 79.7 ± 1.3
420S (n = 4) Tr Tr 17.7 ± 1.4 Tr Tr 2.9 ± 0.3 79.4 ± 3.8
DGDG
TM (n = 8) 5.9 ± 0.6 Tr 2.8 ± 0.2 Tr Tr 2.5 ± 0.3 88.8 ± 1.5
T3 (n = 10) 5.9 ± 0.7 Tr 2.9 ± 0.2 Tr Tr 2.5 ± 0.4 88.7 ± 1.6
B3 (n = 4) 8.6 ± 3.4 Tr 2.6 ± 0.1 Tr Tr 2.5 ± 0.3 86.3 ± 2.0
B3-420S (n = 11) 5.5 ± 1.2 Tr 2.8 ± 0.2 Tr Tr 2.7 ± 0.4 89.0 ± 2.1
420S (n = 4) 5.5 ± 1.6 Tr 2.7 ± 0.1 Tr Tr 3.0 ± 0.2 88.8 ± 1.9
SQDG
TM (n = 8) 41.1 ± 1.6 Tr 1.7 ± 0.3 Tr Tr 9.0 ± 0.8 48.2 ± 1.8
T3 (n = 10) 41.6 ± 0.2 Tr 1.5 ± 0.6 Tr Tr 9.1 ± 1.0 47.8 ± 1.3
B3 (n = 4) 44.5 ± 1.9 Tr 1.3 ± 0.1 Tr Tr 7.5 ± 2.0 46.6 ± 3.5
B3-420S (n = 11) 41.9 ± 0.9 Tr 1.6 ± 0.2 Tr Tr 9.6 ± 1.1 46.9 ± 2.4
420S (n = 4) 41.4 ± 2.9 Tr 1.6 ± 0.3 Tr Tr 10.5 ± 1.6 46.5 ± 6.6
PG
TM (n = 8) 16.0 ± 0.5 38.0 ± 1.1 0 Tr Tr 6.4 ± 0.7 39.6 ± 0.9
T3 (n = 11) 16.1 ± 0.6 37.7 ± 0.9 0 Tr Tr 7.3 ± 1.0 38.9 ± 1.2
B3 (n = 4) 15.2 ± 2.2 37.4 ± 2.0 0 Tr Tr 7.0 ± 1.3 40.4 ± 2.2
B3-420S (n = 11) 15.3 ± 0.4 40.0 ± 1.5 0 Tr Tr 6.6 ± 0.6 38.1 ± 1.3
420S (n = 4) 14.1 ± 2.3 39.1 ± 1.2 0 Tr Tr 7.1 ± 0.9 39.7 ± 1.3
aTr, traces (less than 1 mol%). Results are expressed in mol% for each lipid class. For TM, 100% values corresponded in
nmol/mg Chl to 825 ± 89 for MGDG, 450 ± 57 for DGDG, 140 ± 12 for SQDG, and 214 ± 45 for PG; for T3 fraction, to
924 ± 143, 501 ± 103, 158 ± 20, and 214 ± 43; for B3 fraction, to 745 ± 38, 428 ± 13, 190 ± 20, and 222 ± 64; for B3-
420S, to 774 ± 101, 474 ± 77, 163 ± 62, and 190 ± 43; for 420S fraction, to 944 ± 53, 510 ± 47, 181 ± 26, and 171 ± 11.
For other abbreviations see Tables 1 and 2.
TABLE 4
Composition in PG Molecular Species of Four TM Domainsa
Thylakoid Molecular species (mol%)
fraction 18:3/16:1(3t) 18:3/16:0 18:2/16:1(3t) 18:2/16:0 18:1/16:1(3t) 16:0/16:1(3t) 18:1/16:0 16:0/16:0
TM (n =  8) 61.8 ± 4.3 10.6 ± 1.8 5.2 ± 2.7 6.0 ± 1.6 2.8 ± 1.4 9.6 ± 1.1 1.2 ± 0.7 2.8 ± 1.9
T3 (n = 11) 63.2 ± 4.8 11.1 ± 1.3 4.5 ± 1.6 6.0 ± 1.7 2.4 ± 1.1 9.7 ± 2.1 1.6 ± 1.5 1.5 ± 1.4
B3-420S (n = 11) 64.2 ± 4.9 9.7 ± 1.1 5.3 ± 2.1 5.7 ± 1.7 2.8 ± 1.7 9.5 ± 1.3 1.4 ± 0.8 1.4 ± 1.5
aThe 100% values correspond to 209 ± 35 nmol PG/mg Chl for TM, 208 ± 37 nmol PG/mg Chl for T3, and 185 ± 31 nmol PG/mg Chl for B3-420S; n = num-
ber of experiments. The 18:0/16:1(3t) and 18:0/16:0 PG molecular species were found only in trace amounts. For abbreviations see Tables 1 and 2.
concentrated at different locations in the membrane where they
are associated with their interacting protein(s). But, owing to
their scarcity, they do not change the global composition and
the distribution of the four classes of lipids between the mem-
brane domains considered in this study (Tables 1–4).
In conclusion, we propose that the current model of thy-
lakoid membrane lipid composition is one that contains si-
multaneously bulk and specific lipids. Current experimental
evidence (as described in this investigation) indicates that
only the latter ones display lateral heterogeneity in the mem-
brane.
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